Membrane budding is a key step in vesicular transport, multivesicular body biogenesis, and enveloped virus release. These events range from those that are primarily protein driven, such as the formation of coated vesicles, to those that are primarily lipid driven, such as microdomaindependent biogenesis of multivesicular bodies. Other types of budding reside in the middle of this spectrum, including caveolae biogenesis, HIV-1 budding, and ESCRT-catalyzed multivesicular body formation. Some of these latter events involve budding away from cytosol, and this unusual topology involves unique mechanisms. This Review discusses progress toward understanding the structural and energetic bases of these different membrane-budding paradigms.
Eukaryotic cells are defined by their compartmentalization into membrane-delimited structures. The protein and lipid content of these membranes is maintained and regulated by a constant flux of vesicular trafficking. Each vesicular trafficking event involves the budding of a membrane vesicle from a donor membrane, typically followed by its regulated transport to, docking to, and fusion with an acceptor membrane. Many viruses also have membrane envelopes and escape from host cells by membrane-budding events.
Our laboratory has been characterizing the unusual membrane-budding reaction promoted by the ESCRTs, which has led us to take a fresh look at how membrane lipid properties might make protein-dependent, energetically expensive reactions easier. Several excellent reviews have covered the way proteins induce curvature in biological membranes (Farsad and De Camilli, 2003; McMahon and Gallop, 2005; Voeltz and Prinz, 2007) and the physical principles of membrane curvature (Zimmerberg and Kozlov, 2006) . This Review will take a different viewpoint and consider the comparative roles of proteins and lipids in select examples of vesicular budding events (Figure 1 ) to discuss similarities and differences in budding events in synthetic versus cellular contexts, the potential roles of proteins in orchestrating lipid phase changes, and the roles of lipids in recruiting and regulating proteins. We also examine the implications of the above for cell physiology. This article is not intended as a comprehensive review of all cellular budding events. Rather, we consider emerging mechanistic thinking in multivesicular body formation and virus budding, placing these in the context of the classical mechanisms underlying budding of coated vesicles.
Energetics of Vesicle Budding
The formation of spherical vesicles from a flat membrane of typical biological composition and no intrinsic propensity to curve entails a membrane-bending free energy (Helfrich, 1973) , DG = 8pk 250-600 k B T, given k 10-25 k B T, where k B T is thermal energy (Bloom et al., 1991) .This is important for biology because events that require thermal energy of this magnitude (that is, of 100 k B T or greater) do not occur spontaneously. Biophysical studies of membrane budding, which offer the promise of accounting for energetics, are typically carried out in vesicles that are much larger than their counterparts in biological systems. Fortunately, the energetic cost of bud formation is to a first approximation independent of the size of the bud. In pure lipid mixtures used in biophysical studies, vesicles are microns in size, spreading the energetic cost over 10 6 or more lipid molecules. In cells, however, membrane buds have a diameter of 20-100 nm, thus involving as few as 10 3 -10 4 lipid molecules. This poses the question, how do a modest number of protein-lipid interactions create the free energy that is needed for budding, or alternatively, how do lipids themselves contribute to lowering the energy barrier?
Coated Vesicle Budding Clathrin
The dominant mechanism of membrane budding into the cytosol and the paradigm for protein-directed budding is the formation of coated vesicles (Figures 1F and 1G and Figure 2) . Clathrincoated vesicles (CCVs) are typically 60-100 nm in diameter (Bonifacino and Lippincott-Schwartz, 2003; Brodsky et al., 2001) . Clathrin can form baskets in vitro that resemble the CCVs in the absence of membranes, and the basket structure has been characterized in molecular detail (Fotin et al., 2004) . Clathrin itself binds neither membranes nor cargo but relies on adaptors for this function. Among the most comprehensively studied is adaptor protein complex 2 (AP-2 complex) (Robinson and Bonifacino, 2001) , which functions in clathrin-mediated endocytosis at the plasma membrane. The AP-2 adaptor complex opens up in the presence of cargo and the lipid phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P 2 ) to form a flat platform capable of binding multiple PI(4,5)P 2 and cargo molecules (Jackson et al., 2010) . The established role for PI(4,5)P 2 in this pathway is to recruit AP-2 and other proteins to the site of budding. A role for PI(4,5)P 2 clustering into microdomains has been suggested on theoretical grounds (Liu et al., 2006) but has yet to be directly visualized. Clathrin is absolutely required for the budding of AP-2-and cargo-rich plasma membrane domains, which remain flat in its absence (Hinrichsen et al., 2006) . However, clathrin monomers are flexible, which gives clathrin the ability to form different types of lattices and to adapt to various cargoes (Ehrlich et al., 2004) . Given the flexibility of clathrin monomers, the energy of clathrin polymerization has been proposed on theoretical grounds to be insufficient on its own to bend the membrane into a bud (Nossal, 2001 ). However, this concept has yet to be confirmed experimentally and is not universally accepted.
Cholesterol is important for clathrin-mediated endocytosis by many (though not all) accounts (Rodal et al., 1999; Subtil et al., 1999) , although it is less sensitive to cholesterol depletion than most coat-independent budding pathways (Sandvig et al., 2008) . Clathrin, cargo adaptors, and PI(4,5)P 2 are necessary but not sufficient on their own to induce membrane curvature. The essential early endocytic factor epsin wedges its amphipathic helix a0 into the membrane upon PI(4,5)P 2 binding, promoting positive curvature (Ford et al., 2002) . The cargobinding muniscin proteins FCHo1/2 (Syp1 in yeast) contain BAR domains that promote positive curvature very early in endocytosis (Henne et al., 2010; Reider et al., 2009; Stimpson et al., 2009; Traub and Wendland, 2010) . In principle, the reagents and concepts would appear to be in place to reconstitute clathrin-dependent membrane budding. Reconstitution of clathrin-mediated endocytosis using synthetic lipids and purified proteins would be an important step in determining whether clathrin, AP-2, one or more amphipathic helix and/or BAR domain proteins, and PI(4,5)P 2 constitute the minimum requirements for membrane bud formation in this pathway.
The scission of the clathrin-coated bud to form a detached vesicle is a complex process in its own right, and the reader is referred to recent reviews (Pucadyil and Schmid, 2009 ). Finally, following scission, the clathrin coat is removed by the ATPdependent action of the molecular chaperone Hsc70 and its cofactor auxillin (Eisenberg and Greene, 2007) . It is only following nucleotide hydrolysis that the energetic cost of clathrin-induced membrane deformation is finally paid, making the full reaction cycle-from flat membrane to uncoated vesicle-thermodynamically irreversible. COP I and COP II Vesicles carrying cargo from the endoplasmic reticulum (ER) to the Golgi are coated by the COP II complex, which, like clathrin, can form membrane-free baskets in vitro with vesicle-like dimensions (Stagg et al., 2006) . COP II vesicles have a preferred size, but as with clathrin, the flexibility of the COP II subunits allows formation of expanded lattices that can accommodate large cargoes such as procollagen and large lipoprotein particles known as chylomicrons (Stagg et al., 2008) .
COP II vesicle budding has been reconstituted in vitro from purified proteins and synthetic lipids (Lee et al., 2005; Matsuoka et al., 1998) . A membrane consisting only of synthetic unsaturated phospholipids was capable of supporting budding (Matsuoka et al., 1998) . COP II consists of the Sec23/24 subcomplex, which binds lipids and cargo via a gently curved face (Bi et al., 2002) , the Sec13/31 subcomplex, which forms an outer cage around the vesicle, and the membrane-bending GTPase Sar1. The Sec23/24 and Sec13/31 subcomplexes in combination are sufficient to form buds, with Sar1 strictly required only for the scission of the buds. GTP hydrolysis by Sar1 provides Wollert and Hurley (2010) . Proteins organize these structures but do not form a coat, suggesting a possible role for microdomains. (E) HIV-1 buds visualized by electron tomography (Carlson et al., 2008) . The bud is organized by the HIV-1 capsid protein, heavily enriched in raft lipids, and cleaved by ESCRT proteins. (F) Deep etch visualization of clathrin-coated pits (image courtesy of J. Heuser). Clathrin assembles into baskets in the absence of membranes but is thought to be too flexible to deform membranes on its own. For this, clathrin needs help from other membrane-deforming proteins and possibly from lipids. (G) The COP II cage is an example of a protein structure that can form in the absence of lipids and can impose its shape on any simple bilayer-forming lipid mixture. Reproduced by permission from Russell and Stagg (2010). energy input into the system, making the overall process (which culminates in the uncoating of cargo-loaded vesicles) thermodynamically irreversible.
COP I-coated vesicles are responsible for retrograde traffic from the Golgi to the ER, and this reaction has also been reconstituted from purified proteins and synthetic lipids. The budding reaction requires the coatomer complex, GTP-bound Arf1, and protein cargo tails tethered to the membrane but has no special lipid requirements (Bremser et al., 1999) . Budding occurs even from vesicles composed of the pure synthetic phospholipid DOPC doped with small amounts of a lipopeptide cargo. Recently, a composite crystallographic structure of cage-forming components of coatomer consisting of the a, b 0 , and 3 subunits has been determined and shown to resemble the clathrin triskelion (Lee and Goldberg, 2010) . In sum, COP I and COP II provide some of the purest examples of protein-directed membrane budding, in which the protein coat imposes its shape upon the membrane with minimal dependence on its lipid composition.
Membrane Microdomains and Budding
Lipid Phase Separation as a Budding Mechanism In contrast to the protein-dominated paradigm of coated vesicle budding, phase separation in simple lipid mixtures can drive budding on a micron scale in synthetic model membranes, in the absence of proteins (Baumgart et al., 2003) ( Figure 1A and Figure 3 ). Membrane bilayers can adopt either a solid or a liquid phase, with the translational and conformational order of the lipid chains depending on their composition and the temperature. The liquid phase is the more relevant to biology and can be subdivided into liquid disordered (L d ) and liquid ordered (L o ) phases. Lipids in the L d phase have higher conformational freedom and diffusion coefficients than in the L o phase. At biological temperatures, the L d and L o phases can coexist in membranes of mixed composition (Elson et al., 2010; García-Sá ez and Schwille, 2010) .
In general, phospholipids with unsaturated chains prefer the L d phase, whereas cholesterol, sphingolipids, and phospholipids with saturated chains prefer the L o phase (Lingwood and Simons, 2010) . Typically, the energetic cost for contact between dissimilar lipids is small, 0.5 k B T (García-Sá ez and Schwille, 2010), but becomes significant when summed over many lipids. The higher acyl chain order in the L o phase results in their elongation to their maximum extent, hence L o membrane domains are thicker than L d domains. The height mismatch at the phase boundary is energetically unfavorable because it forces the polar headgroup region of the L d domain into contact with the hydrophobic portion of the L o domain. The free energy cost per unit length is known as the line tension and has units of force. In order to minimize the free energy associated with line tension, membrane domains will coalesce with one another into circular zones. When circular domains reach a critical size at which the line tension energy term exceeds the Helfrich (curvature-dependent) energy of membrane deformation, the membrane will deform out of plane in order to minimize the zone of contact (Lipowsky, 1992) . If the line tension is high enough, the neck connecting the membrane bud can be severed, leading to the formation of detached vesicles. In addition to line tension effects, membrane microdomain formation can bend membranes by concentrating lipids with distinct intrinsic curvatures, and the contents of such microdomains can not only drive budding but dictate its direction (Bacia et al., 2005) .
The complex lipid mixture of the plasma membrane supports phase separation in micron-sized domains when reconstituted in giant unilamellar vesicles (Baumgart et al., 2007) . However, in living cells, membrane microdomains are heterogeneous, highly dynamic nanoscale structures (Hancock, 2006; Lingwood and Simons, 2010; Pike, 2006) . In the most up-to-date biophysical view, these nanoscale structures likely correspond to critical fluctuations (Veatch et al., 2007) . Although the concepts of the L o and L d phases are oversimplifications of the variety of dynamic membrane substructures that exist in cells (Lingwood and Simons, 2010) , they will be used in this Review because they are useful intuitive handles, deeply ingrained in the literature, and helpful in relating model membrane studies to biology. Most, but not all, of the membrane microdomains implicated in cellular budding are the sterol-and sphingolipid-rich domains known as ''rafts.'' Why don't rafts and other microdomains coalesce on the micron scale in living cells, as they do in model membranes? The answer is not known, but the action of the cytoskeleton and membrane traffic, and the large fraction of protein in cellular membranes, are usually invoked. Indeed, it is to be expected that cells would have mechanisms to block the unchecked growth of microdomains, as the ensuing spontaneous vesiculation of cell membranes would be disastrous.
Soluble and lumenally anchored cargoes, viruses, and toxins are selectively transported in vesicular carriers even though they have no direct communication with the cytosol to signal their packaging and sorting. In some cases, transmembranesorting receptors serve as adaptors to link cargo to conventional cytosolic coat complexes. In other cases, membrane rafts make the link. Simian virus 40 (SV40) and cholera toxin enter cells by binding to multiple molecules of the ganglioside GM1 (Damm et al., 2005; Kirkham et al., 2005) , a raft-favoring lipid. The cholera toxin B subunit (Merritt et al., 1994) and the SV40 VP1 protein (Neu et al., 2008 ) both bind to GM1 as pentamers. Cholera toxin pentamer binds GM1 ( Figure 4 ) and thus induces formation of an L o microdomain in model membranes (Hammond et al., 2005) and in turn leads to budding (Bacia et al., 2005; Ewers et al., 2010) . Shiga toxin B subunit binds the glycolipid Gb3 and appears to operate by a similar paradigm. In this case tubular vesicles are formed, and lipid compression favoring negative curvature is thought to be the driving force (Rö mer et al., 2007) . In each of these examples, it is clear that clustering of lipids leads to important changes in membrane structure that contribute to budding. The proposed physical mechanisms remain speculative, however. Revealing these mechanisms remains a profound challenge to experimentalists and thus is an area that will benefit from increasing sophisticated computer simulations of membrane dynamics on realistic timescales. (Neu et al., 2008) . (B) Cholera toxin B subunit pentamer bound to GM1 (Merritt et al., 1994) .
(C) Composite model of the myristoylated HIV-1 matrix domain trimer bound to PI(4,5)P 2 (Hill et al., 1996; Saad et al., 2006 Saad et al., , 2008 . In each case, lipid tails are modeled. Images were generated with VMD 1.8.6. Caveolae Caveolae (''little caves'') are flask-shaped 60-80 nm invaginations of the plasma membrane that consist of raft lipids, caveolins 1-3, and the caveolin-associated cavins 1-4 (Hansen and Nichols, 2010) . Caveolins are structurally analogous to the reticulons and DP1/Yop1 proteins that maintain the curvature of ER membrane tubules (Hu et al., 2008; Shibata et al., 2009) and to another plasma membrane raft protein, flotillin (Bauer and Pelkmans, 2006) . Caveolins are pentahelical proteins, with two of the helices inserting deeply into the membrane, almost but not completely spanning the bilayer. The other three helices are amphipathic and are thought to wedge themselves into the interfacial region of the membrane (Parton et al., 2006) . Caveolae contain a consistent number of caveolin molecules, 144, which suggests the formation of a highly organized coat (Pelkmans and Zerial, 2005) .
Posttranslational modification of caveolins is important to their function. Palmitoylation at multiple residues promotes their constitutive association with cholesterol and other raft lipids. Caveolins also undergo phosphoregulation by multiple protein kinases (Pelkmans and Zerial, 2005) . For instance, when caveolin-1 is phosphorylated at serine 80, which adjoins one of the predicted interfacial a helices, its ability to induce curvature is turned off. Although the energetic book-keeping of caveolininduced curvature has not been worked out, it is likely to differ greatly from that of conventional coated vesicles. Insertion of caveolin into the membrane presumably shifts the intrinsic curvature of the membrane such that the positively curved bud is the low-energy state and the flat caveolin microdomain is the high-energy state. Thus, once the caveolin microdomain is formed, energy input is probably needed to flatten the membrane rather than to curve it. ATP hydrolysis by protein kinases that phosphorylate caveolin might provide the thermodynamic driving force for membrane flattening. Dephosphorylation by protein phosphatases would, in this speculative scheme, allow the membrane to spring back to its low-energy state.
Cavins are soluble proteins rich in predicted coiled-coil structure and basic residues but otherwise structurally uncharacterized. They seem to be important for caveolar structure, but the precise role of these recently discovered factors in structuring the caveolar coat is not clear. Given that caveolae have a consistent amount of caveolin protomers, they could be viewed as highly organized assemblies whose specialized structure and distinct curvature are caveolin driven but lipid stabilized. Alternatively, if viewed from the standpoint of their lipid content, caveolae could be viewed as specialized, morphologically distinct membrane microdomains, whose formation is driven by lipids but stabilized by caveolin (Parton and Simons, 2007) . The hybrid nature of caveolae, seemingly at once both coated vesicle and membrane microdomain, makes them a particularly fascinating example of the interplay between proteins and lipids in membrane budding.
Tetraspanin-Enriched Microdomains
Tetraspanin-enriched microdomains (TEMs), which are abundant in exosomes and in the intralumenal vesicles of immune cell multivesicular bodies, are another potential example of a membrane microdomain involved in budding (Pols and Klumperman, 2009 ). Tetraspanins are a family of at least 32 proteins in mammals and are defined by the presence of four transmembrane-spanning a helices (Hemler, 2005) . Tetraspanins have two extracellular domains; the second, EC2, is the larger of the two. The structure of the EC2 region of CD81 has been determined, revealing an extensive dimerization interface (Kitadokoro et al., 2001) . The minimal functional tetraspanin oligomer is probably a homodimer. These proteins are multiply palmitoylated on their short intracellular loop and N-and C-terminal extensions, and these palmitoylations are central to their ability to form TEMs. Tetraspanins bind to a wide range of potential cargo proteins (Hemler, 2005) , potentially coupling them to TEMs and thereby to microdomain-mediated budding. More extensive mechanistic analysis of the budding mechanism responsible for TEM traffic will be eagerly awaited.
Multivesicular Bodies
The sorting of unneeded, damaged, or dangerous plasma membrane proteins to the lysosome for degradation is carried out by endosomes (Sorkin and von Zastrow, 2009 ). This pathway also is central to the biogenesis of the lysosome (or yeast vacuole), as it carries newly synthesized lysosomal enzymes from the trans-Golgi to their destination. In the metazoa, the endosomal pathways have many additional roles, with the most pertinent to this Review being the biogenesis of lysosome-related organelles (Raposo and Marks, 2007) and exosomes. Multivesicular bodies (MVBs, also known as multivesicular endosomes) are key intermediates in endolysosomal transport ( Figure 5 ; Gruenberg and Stenmark, 2004; Piper and Katzmann, 2007) . MVBs are formed by the invagination and scission of buds from the limiting membrane of the endosome into the lumen. MVB biogenesis is the main physiological example of membrane budding away from the cytosol. ESCRTs and Multivesicular Bodies Yeast (Saccharomyces cerevisiae) has a single MVB pathway that drives the internalization of ubiquitinated transmembrane proteins into the lumens of early endosomes (Piper and Katzmann, 2007) . The pathway is initiated by the presence of the lipid phosphatidylinositol 3-phosphate (PI(3)P) and membrane-tethered ubiquitin moieties on the endosome surface. PI(3)P is synthesized by the class III PI 3-kinase Vps34, an enzyme essential for the progression of the endolysosomal pathway. PI(3)P is the defining marker of early endosomes, autophagosomes, and, in mammalian cells, phagosomes. PI(3)P signals are recognized by FYVE and PX domain-containing proteins (Misra et al., 2001 ). In the MVB pathway, the key FYVE domain protein is a subunit of the ESCRT-0 complex. ESCRT-0 contains five ubiquitin-binding domains (UBDs) (Ren and Hurley, 2010) and clusters ubiquitinated cargo in vitro (Wollert and Hurley, 2010) . Recruitment of ESCRT-0 to the early endosomal membrane initiates the recruitment of the ESCRT-I, -II, and -III complexes (Saksena et al., 2007; Williams and Urbé , 2007) . Based on in vitro reconstitution, ESCRT-I and -II drive membrane budding, whereas ESCRT-III cleaves the bud necks to form intralumenal vesicles (Hurley and Hanson, 2010; Wollert and Hurley, 2010; Wollert et al., 2009) . In vitro ESCRT budding reactions have been carried out with a mixture of saturated and unsaturated phospholipids and cholesterol (Wollert and Hurley, 2010) , but the precise lipid requirements for the reaction have yet to be analyzed in detail.
Strikingly, ESCRT-I, -II, and -III all localize to the bud neck (Wollert and Hurley, 2010) . ESCRT-III subunits assemble into tubular structures in vitro and when overexpressed (Bajorek et al., 2009; Hanson et al., 2008; Lata et al., 2008) . The ESCRT-III proteins coat the interior of lipid tubes created in vitro (Lata et al., 2008) and have diameters of 40-50 nm for lipid-free tubes, and 100 nm for lipid-coated tubes. These tubes exceed the narrowest dimensions of bud necks in cells, based on just a few observations that suggest a size closer to 20 nm (Murk et al., 2003) . However, the tubes taper to a dome at their ends (Fabrikant et al., 2009) , which may represent the tubes' most important functional feature. Lipid tube extrusion by ESCRT-III seems to have no special lipid requirements, as it can be supported in vitro by a simple mixture of the unsaturated phospholipids SOPC and DOPS (Lata et al., 2008) . Indeed, whereas most ESCRTs are unique to the eukarya, ESCRT-III is conserved in a subset of Archaea, where it functions in the membrane abscission step of cell division (Lindå s et al., 2008; Samson et al., 2008) . Thus the Archaeal ESCRT-III orthologs can presumably function in membrane scission with Archaeal lipids, which are radically different from eukaryotic lipids and rich in rigid, bilayer-spanning tetraether linkages (Koga and Morii, 2005) . It is thought on theoretical grounds that membrane tubes are induced by the binding of the curved ESCRT-III polymer to the membrane (Lenz et al., 2009) .
ESCRT-III polymerization governs the late stage of neck development leading to scission, but it is not likely to be the main factor in the initial budding event. The initial formation of the bud is driven by the assembly of ESCRT-I and -II with one another and with the endosome membrane (Wollert and Hurley, 2010) . The structure of this assembly is unknown, and the nature of the assembly is a pressing question in the field. Composite structures of the ESCRT-I and -II complexes have been developed on the basis of crystal structures of the separate components together with hydrodynamic information of the complete complexes in solution (Im and Hurley, 2008; Kostelansky et al., 2007) . These structures show that multiple membrane and ESCRT-III attachment sites are separated by rigid spacers of up to 18 nm across, suggesting a mechanism to induce or at least stabilize formation of a membrane neck of roughly those dimensions. Subsequent recruitment and polymerization of ESCRT-III into spiral domes (Fabrikant et al., 2009 ) would then narrow and sever the neck in the current model (Hurley and Hanson, 2010) .
The observation that the ESCRT complexes localize to the bud neck explains how they bud membranes away from the cytosol without themselves being consumed in the bud. This mechanism stands in sharp contrast to the familiar budding of coated vesicles toward cytosol, described above. The thermodynamic driving force for the pathway is the coupling of ESCRT-III solubilization and recycling to ATP hydrolysis by the dodecameric AAA ATPase Vps4 (Babst et al., 1998; Wollert et al., 2009) . Although the overall thermodynamic driving force is clear, the energetic trajectory of neck-directed bud formation is currently unknown. Theoretical analysis of the membrane mechanics of this process is urgently needed, as is a better understanding of the roles of lipids.
All four ESCRT complexes are conserved between yeast and metazoa. In its broad outlines, the ESCRT-dependent conversion of early endosomes into MVBs is the same in yeast and metazoa (Raiborg and Stenmark, 2009 ). Intralumenal vesicles in mammalian cells are highly enriched in cholesterol and tetraspanins (Mö bius et al., 2003; van der Goot and Gruenberg, 2006) . However, at least some of the cholesterol-and tetraspanin-rich intralumenal vesicles in mammalian cells are part of process that is distinct from the ESCRT pathway (Simons and Raposo, 2009) . Raft markers such as long-chain sphingomyelins transit through MVBs (Koivusalo et al., 2007) . Consistent with a possible ESCRT-sterol connection, defects in ESCRT function block endosomal cholesterol transport in mammalian cells (Bishop and Woodman, 2000; Peck et al., 2004) . In yeast, ergosterol and, more speculatively, Sna3 (Piper and Katzmann, 2007) might replace the roles of cholesterol and tetraspanins in microdomain formation. Given that ESCRTs bud membranes without a coat, and that most other coatless budding mechanisms rely on membrane microdomains of some sort, it is tempting to speculate that ESCRT-mediated budding could involve tetraspanin and cholesterol-rich domains. Very little is known about how ESCRTs might couple to such microdomains.
Lipids modifications might also play a role. The ESCRT-III subunit Vps20 must be myristoylated for full function (Babst et al., 2002; Yorikawa et al., 2005 ). Yet even unmyristoylated Vps20 has an affinity for membranes in the tens of nM, dropping to low single digit nM range when bound to ESCRT-II , suggesting that myristoylation is required for another reason than membrane targeting alone. The myristoyl moiety is saturated and favors association with L o phase microdomains (Resh, 2006) . Ubiquitination of tetraspanins (Lineberry et al., 2008) and, in yeast, Sna3 (Stawiecka-Mirota et al., 2007) has also been reported.
Another important question surrounds the nature of the PI(3)P lipid that binds to ESCRT complexes through its headgroup. Substantial levels of PI(3)P are found in the MVB lumen (Gillooly et al., 2000) . A critical gap in understanding the formation of intralumenal vesicles is the lack of data on the tail compositions of the total endosomal and intralumenal vesicle pools of PI(3)P. The concept of an ESCRT-microdomain link is speculative. In the absence of other explanations for the unusual coatless budding by the ESCRTs, these issues call for further investigation. Animal Cells Have More than One Kind of MVB Animal cells have additional pathways of MVB formation not found in yeast. The mammalian late endosomal and lysosomal lipidome contains up to 20% of the unusual lipid lysobisphosphatidic acid (LBPA), which is not found in other organelles or in yeast. Mammalian cells have a late endosomal MVB pathway that seems to depend on LBPA microdomains that are probably induced on the lumenal leaflet by acidic pH (Matsuo et al., 2004) . The ultimate thermodynamic basis for membrane curvature in the LBPA pathway would presumably come from the energy expended in the pumping of protons into the lumen of the endosome. This late endosomal pathway also involves ESCRT proteins (Falguiè res et al., 2008) . The late endosomal MVB pathway should not, however, be confused with the canonical early endosomal ESCRT pathway described above, which does not involve LBPA. MVB formation is involved in the biogenesis of lysosome-related organelles, of which melanosomes are the most intensively studied (Raposo and Marks, 2007) . In melanosome biogenesis, the glycoprotein Pmel17 is sorted into intralumenal vesicles in an ESCRT-independent reaction (Theos et al., 2006) . Pmel17 is a special cargo in that its lumenal domain forms fibers and may be an example of the lumenal assembly of a cargo helping to drive its own inward budding into the endosome.
Exosomes are 50-100 nm vesicles released from cells by the fusion of MVBs with the plasma membrane (Simons and Raposo, 2009) . At least one population of exosomes is produced by an ESCRT-independent pathway in which neutral sphingomyelinase, acting from the cytosolic face of the membrane, hydrolyzes sphingomyelin to ceramide (Trajkovic et al., 2008) . The formation of intralumenal vesicles by sphingomyelinase has been reconstituted in vitro using GUVs (giant unilamellar vesicles) with pre-existing phase separation (Trajkovic et al., 2008) . Sphingomyelinase cleavage of the phosphodiester bond between ceramide and the SM headgroup provides a potential mechanism to put energy into this budding pathway and make it thermodynamically irreversible. Ceramide-induced intralumenal vesicles bud exclusively from the L o phase (Trajkovic et al., 2008) . Ceramide has several special properties, including a small headgroup that would favor its presence in the inner leaflet of the intralumenal vesicle and an ability to self-associate through headgroup hydrogen bonding. It is not clear which properties of ceramide are most important for the formation of intralumenal vesicles. Exosomes produced by the sphingomyelinase pathway are highly enriched in the tetraspanin CD63, suggestive of a coupling between TEMs and ceramide domains. Of the three pathways described above, the latter two are, based on current knowledge, ESCRT independent. It will be interesting to see if there are ever circumstances under which the ESCRTs cooperate with the melanosome or ceramide pathways.
Viral Budding Enveloped Virus Budding: With ESCRTs and without
Membrane budding is an essential part of the life cycle of enveloped viruses. Most, but not all, enveloped viruses bud from cells by co-opting the host ESCRT machinery (Bieniasz, 2006; Morita and Sundquist, 2004; Welsch et al., 2007) , whose role in budding of vesicles in MVBs is described above (Figure 6 ). Virus budding, like MVB formation, involves budding away from cytosol. In the well-studied example of HIV-1, formation of the initial plasmamembrane attached bud is driven by the energetically favorable self-assembly of the capsid (CA) domain of Gag into hexamers Wright et al., 2007) . CA does not bind directly Apart from viral proteins, the release of HIV-1 requires both specific cellular lipids and proteins, which are recruited to the budding site by the viral Gag protein. Gag assembles into an imperfect hexagonal lattice on the plasma membrane . It binds the plasma membrane marker PI (4,5)P 2 through a specific binding site in its N terminus. PI(4,5)P 2 , cholesterol, and certain other raft lipids are enriched in the viral membrane compared to the plasma membrane. Through its C terminus, Gag recruits the ESCRT proteins to the budding site. Gag can bind both ESCRT-I and ALIX, which both recruit ESCRT-III to the budding site.
to membranes, so the energy of CA self-assembly is transduced to the membrane through the membrane-binding matrix (MA) domain, part of the same polypeptide chain at this stage in HIV-1 assembly (Hill et al., 1996) . Recombinant HIV-1 Gag constructs lacking a part of the membrane-binding MA domain and all of the ESCRT-binding p6 domain are able to assemble with RNA to form spherical shells in vitro, in the absence of membranes (Campbell et al., 2001 ). These lipid-free shells are slightly smaller than authentic immature HIV-1 virions, with the differences accounted for by the absence of membrane and the MA domain ). The shells assemble via CA domain hexamers, which cannot pack into a sphere, and therefore a few gaps remain in an otherwise almost complete lattice ). However, in authentic released HIV-1 particles, the Gag shells are only 60% complete on average (Carlson et al., 2008) . Could such an incomplete shell scaffold bud formation? Below, we describe the role of membrane microdomains as another key contributor to HIV-1 bud formation.
In contrast to the self-encoded ability of HIV-1 to form attached buds, the release of these buds from the host cell requires the co-option of the host cell ESCRT machinery. ESCRT-recruiting motifs known as ''late domains'' for their function in late stages of virus assembly and release have been identified in most genera of enveloped viruses (Bieniasz, 2006; Chen and Lamb, 2008; Freed, 2002; Morita and Sundquist, 2004) . The prototypical example of an ESCRT-dependent virus is HIV-1, which engages the ESCRT-I complex though a PTAP motif in the p6 region of its Gag protein (Huang et al., 1995) , and interference with this interaction dramatically reduces HIV-1 release (Demirov et al., 2002a (Demirov et al., , 2002b Garrus et al., 2001; Martin-Serrano et al., 2001; VerPlank et al., 2001) . To make matters more complicated, efficient release can be rescued by overexpressing the ESCRT-associated protein ALIX, which binds to another motif in Gag p6, YPX n L (Fisher et al., 2007; Usami et al., 2007) . Defects in both of these interactions can be rescued by overexpression of HECT domain ubiquitin ligases (Chung et al., 2008; Jadwin et al., 2010; Usami et al., 2008) . All of these interactions serve the same ultimate purpose of recruiting ESCRT-III to the nascent viral bud for scission, which is thought to be carried out by the same process as for cleavage of intralumenal vesicles in MVBs (Hurley and Hanson, 2010) .
If HIV-1 is the archetype of a virus dependent on the host cell machinery for membrane scission, other viruses appear to carry out both budding and scission entirely with virally encoded proteins. The membrane-associated matrix protein of Newcastle disease virus (NDV, a paramyxovirus) induces both bud formation and scission when assembled on model membranes (Shnyrova et al., 2007) . The release of virus-like particles is stimulated by negatively charged lipids and cholesterol. NDV contains a late domain motif identical to that of the closely related ESCRTdependent paramyxovirus SV5 (Schmitt et al., 2005) . The function, if any, of ESCRTs in NDV release might be to accelerate vesiculation, which the virus already is capable of performing. The matrix protein of vesicular stomatitis virus (VSV) is capable of inducing membrane buds in vitro (Solon et al., 2005) . In vitro VSV budding occurs in a simple mixture of acidic phospholipids and appears to be driven by self-assembly of the matrix protein.
The in vitro buds are not cleaved by the matrix protein, indicating the requirement for additional scission factors. Indeed, VSV budding from cells requires an ESCRT-I-binding late domain (Irie et al., 2004) . Why does the matrix protein of one putatively ESCRT-dependent virus, NDV, support both budding and scission on its own, whereas that of another, VSV, supports only formation of attached buds? It is too soon to say whether these are intrinsic differences between these viruses or relate merely to experimental differences.
Even for HIV-1, the archetypal ESCRT-dependent virus, there seem to be circumstances in which ESCRT dependence can be circumvented. The effect of mutating its two ESCRT-interacting late domains depends on the cell type, with primary monocytederived macrophages and the Jurkat T cell line retaining >20% particle release even when both domains were inactivated (Fujii et al., 2009) . Further, replacing the C-terminal part of Gag, including the RNA-binding nucleocapsid domain and the late domain-containing p6 domain, with a leucine zipper motif preserves efficient particle release despite absence of ESCRTinteracting motifs (Zhang et al., 1998) . Deleting part of the nucleocapsid domain and the flanking p1 sequence has the same effect of making HIV-1 release independent of a functional ESCRT machinery (Popova et al., 2010) . All in all, these findings show that there is a baseline level of ESCRT-independent HIV-1 release, which can be elevated by subtle alterations in the Gag protein.
The studies mentioned above quantified the amount of virus released on a timescale of 16-72 hr, and it is still possible that the microscopic kinetics of the budding process, which takes place on the timescale of 5-25 min (Ivanchenko et al., 2009; Jouvenet et al., 2008) , may have been more severely compromised. The ESCRT-independent scission observed for NDV in vitro and for certain HIV-1 variants in vivo suggests that in some cases the role of ESCRTs is merely to speed up the final stage of release. In other cases, such as wild-type HIV-1, the ESCRTs appear to have a deeper role in viral morphogenesis (Carlson et al., 2008) .
Membrane Microdomains and Influenza Budding
The influenza virus is the best characterized example of an enveloped virus that buds without an ESCRT. Influenza does not have a typical late domain sequence, nor is its budding inhibited by overexpressing a dominant-negative Vps4 (Bruce et al., 2009; Chen et al., 2007) .
Influenza virus associates with lipid rafts via the transmembrane domains of hemagglutinin and neuraminidase (Barman et al., 2004) , and the membrane of released influenza virions has a pronounced raft character with higher order than the membranes of non-raft-associated enveloped virus (Polozov et al., 2008; Scheiffele et al., 1999) . This raft association serves to cluster hemagglutinin on the plasma membrane, thus increasing its concentration on the released particles (Barman et al., 2004; Takeda et al., 2003) , and it is further involved in the sorting of hemagglutinin and neuraminidase to the apical face of polarized cells (Barman et al., 2004 ).
Influenza's M2 ion channel has recently been implicated in its budding mechanism, reconciling its ESCRT independence and raft association (Rossman et al., 2010) . M2 has a conserved amphipathic helix that is sufficient for vesicle scission in a minimal in vitro system, where it predominantly acts at the border between L d and cholesterol-enriched L o domains. M2 was further localized to the necks of budding influenza particles by immunoelectron microscopy, and mutations disrupting its amphipathic helix appear to increase the number of virus buds that remain associated with the cell. This is the first detailed description of an ESCRT-independent viral budding mechanism, and it will be interesting to see if it is paralleled in other systems. How HIV-1 Uses Raft and Non-Raft Lipids to Bud from Cells The HIV-1 membrane is highly ordered (Aloia et al., 1993; Lorizate et al., 2009) , with elevated levels of cholesterol and certain other raft lipids (GM3 and ceramide) compared to the plasma membrane from which they bud (Brü gger et al., 2006; Chan et al., 2008) . Cholesterol depletion blocks HIV-1 particle release by inhibiting membrane binding and multimerization of Gag (Ono et al., 2007) . Thus, the lipid segregation at HIV-1 budding sites clearly has a functional role in the formation and release of HIV-1 particles. What, precisely, is this role? It is tempting to speculate that microdomain formation not only contributes to the normal HIV-1 budding pathway but facilitates the ESCRT-independent budding noted above for unusual HIV-1 Gag constructs (for instance lacking the PTAP motif). However, note that cholesterol depletion actually promotes HIV-1 budding in the case of the PTAP-defective virus that buds independent of the ESCRTs (Ono and Freed, 2001 ). This suggests that as with the ESCRT-independent budding of influenza, cholesterol has multiple roles.
HIV-1 and other retroviruses use protein-lipid interactions to target their assembly to the plasma membrane. The N-terminal matrix domain of HIV-1 Gag has a basic surface (Hill et al., 1996) and a covalently bound myristoyl fatty acid chain that is necessary for virus release (Ono and Freed, 1999) . The ''myristoyl switch'' model describes how this myristoyl moiety is in a buried conformation in the monomeric cytosolic protein and becomes exposed upon Gag oligomerization (Saad et al., 2006 (Saad et al., , 2008 Tang et al., 2004) . Thus, the membrane binding of the Gag protein is linked to its multimerization and assembly into a lattice. The weak membrane affinity of the MA myristate and nonspecific interactions between the basic face of the matrix domain and bulk acidic phospholipids are not sufficient for efficient HIV-1 particle release. For release to occur, the particle assembly must be targeted either to the plasma membrane or to membranous compartments that can fuse with the plasma membrane, leading to virion release. PI(4,5)P 2 , described above as a key factor in the formation of clathrin-coated vesicles, is the defining lipid marker of the plasma membrane (McLaughlin et al., 2002) . The matrix domain of HIV-1 Gag targets specifically to the plasma membrane by binding tightly to the phosphoinositide PI(4,5)P 2 , and this interaction is required for Gag assembly and HIV-1 budding (Ono et al., 2004) .
How can the raft dependence of HIV-1 Gag assembly be reconciled with its dependence on PI(4,5)P 2 ? PI(4,5)P 2 is generally considered a non-raft lipid, although the microscopic analysis of the tail composition of different pools of PI(4,5)P 2 is not elaborated to the point where this can be said with certainty for all PI(4,5)P 2 . The apparent answer to this question highlights the frightening ingenuity of HIV-1 in co-opting cellular systems.
The binding of PI(4,5)P 2 to Gag triggers the myristoyl switch, leading to exposure of the buried myristoyl group (Saad et al., 2006) . In the solution structure of the myristoylated matrix domain complex bound to a short-chain PI(4,5)P 2 , the myristoyl and the 1 0 fatty acid tail of PI(4,5)P 2 extend into the lipid bilayer, whereas the 2 0 fatty acid tail of PI(4,5)P 2 becomes buried in a pocket in the matrix domain vacated by ejection of the myristate (Saad et al., 2006 ). In the current view of this mechanism, the 1 0 tail is preferentially saturated and the 2 0 preferentially unsaturated. Thus the matrix domain-PI(4,5)P 2 complex would in this scheme expose two saturated chains, transforming it into a raftophile. It will be interesting to see whether any cellular budding proteins-perhaps including the myristoylated ESCRT-III protein Vps20-use similar mechanisms to bridge raft and non-raft lipids. HIV-1 release, with its exploitation of so many of the known physiological budding paradigms in a single event, is one of the most remarkable illustrations of how the dance between proteins and lipids leads to membrane buds.
Concluding Remarks
We hope to have provided a few examples of how the geometry, topology, and energetics of some selected membrane-budding events in cells are adapted to their biological functions. Transport through cytosolic vesicular carriers of membrane proteins that have cytosolic tails is carried out most often through vesicles coated by the clathrin, COP I, and COP II complexes, which we now know to have structural similarities to one another (Lee and Goldberg, 2010) . The cytosolic tails provide the signal for assembly, coat proteins scaffold the membrane, amphipathic helix and BAR domain factors help bend the membrane, and uncoating-coupled hydrolysis of ATP or GTP provides the thermodynamic driving force. In the evolution of coats, the tradeoff has been between the benefits of flexibility and scaffolding power, with clathrin apparently optimized for flexibility, whereas COP II is optimized as a more potent membrane-curving scaffold.
Viruses and toxins often enter cells by engaging with host transmembrane proteins and co-opting coat-dependent budding mechanisms, but the defensive evolution of host organisms combats this. Lipid-based entry through the induction of membrane microdomains, as exemplified by SV40, Shiga toxin, and cholera toxin, illustrates one way that pathogens avoid having to rely on mutable surface proteins of the host. The physical basis of this entry mechanism uses completely different principles to the same functional end. Caveolae present a fascinating hybrid of protein scaffolding and membrane microdomain mechanisms. The real cellular function(s) of caveolae are enigmatic, leaving us for now in the dark as to the evolutionary drive for such unusual structures.
The ESCRT system, the main interest of our laboratory, is adapted for budding away from the cytosol in the opposite topology of conventional coated vesicles. The ESCRT system evolved to avoid the use of a protein coat because of this unusual topology. The unique mechanism by which ESCRTs stabilize and sever membrane buds has become much clearer over the past year. However, the pathway of early bud formation, before the bud neck has contracted enough for the ESCRT proteins to bridge across it, is still obscure. This led us to ask whether membrane microdomains might have a role in ESCRT-mediated bud formation. If this were the case, membrane microdomains might serve as a unifying principle connecting the diverse types of ESCRT-dependent and microdomain-dependent MVBs in animal cells. The various ESCRT-and microdomain-dependent flavors of enveloped virus budding mirror the distinct varieties of animal cell MVBs. This is not surprising given that these two processes share the same unusual property of budding away from cytosol. Microdomains and ESCRTs have the same advantage for budding away from cytosol, in that cytosolic coat proteins need not be irreversibly consumed in the process.
Membrane budding and the related topic of membrane tubulation have become exceptionally vibrant fields, driven by advances in technology. Computational resources now allow sophisticated simulations of budding (Reynwar et al., 2007) . Reconstitution of budding events from completely defined systems (Bremser et al., 1999; Matsuoka et al., 1998; Rö mer et al., 2007; Wollert and Hurley, 2010) has established molecular mechanisms in several cases and opened the door to more sophisticated biophysical analysis (Bassereau, 2010) . Electron microscopy has been the foundation of our understanding of membrane budding in cells since the beginning. Looking forward, advanced electron tomography will undoubtedly shape our future views of how membranes bud, as classical electron microscopy has in the past and present. As in other areas of cell biology, rapid advances in live-cell imaging are making powerful and ever-increasing contributions. Membrane budding is a required part of the life cycle of two of the most dangerous human pathogens, HIV and influenza, and insight into the fundamental nature of these budding events is perhaps the most urgently needed of all.
